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1 These authors contributed equally to this work.The red ﬂuorescent protein KillerRed, engineered from the hydrozoan chromoprotein anm2CP, has
been reported to induce strong cytotoxicity through the chromophore assisted light inactivation
(CALI) effect. Here, we present the X-ray structures of KillerRed in its native and bleached states.
A long water-ﬁlled channel is revealed, connecting the methylene bridge of the chromophore to
the solvent. This channel facilitates the transit of oxygen and of reactive oxygen species (ROS)
formed by reaction with the excited chromophore. The functional roles of key mutations used to
produce KillerRed are discussed, strong chromophore distortions in the bleached state are revealed,
and mechanisms for ROS production and self protection are proposed. The presence of a partially
mature, photo-resistant, green-emitting state is characterized, which accounts for enhanced CALI
by ‘‘pre-bleached” KillerRed.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction (1O2) or superoxide radicals ðO2 Þ, which are formed when oxygenChromophore assisted light inactivation (CALI) is a powerful
tool to generate cytotoxicity in a precisely controlled spatio-tem-
poral manner [1]. Inactivation of speciﬁc proteins through the CALI
effect is generally achieved by using ﬂuorescent organic dyes.
However, the necessity for antibody conjugation and cell micro-
injection limits the use of such dyes and may lead to non-speciﬁc
binding and collateral photo-damage. The difﬁculties associated
to the use of exogenous reagents generating CALI can be overcome
by employing genetically encoded ﬂuorescent proteins (FPs).
Highly speciﬁc CALI has been achieved by fusing EGFP to a number
of genes of interest, allowing the precise assessment of functional
roles for these genes [2–4]. Yet, the level of photo-toxicity induced
by FPs is generally lower than that achieved with organic dyes
optimized for CALI [5].
CALI-induced cytotoxicity is believed to proceed through the
production of reactive oxygen species (ROS) such as singlet oxygenchemical Societies. Published by E
inactivation; ROS, reactive
e Cristallographie et Cris-
Structurale Jean-Pierre Ebel,
orowitz, F-38027 Grenoble,
. Carpentier), dominique.reacts with the chromophore in an excited state [1,6–8]. In FPs, the
rigid b-barrel in which the chromophore-forming triad is embed-
ded provides a cage, preventing to a large extent the diffusion of
oxygen and ROS in and out of the protein, respectively. This shield-
ing effect probably accounts for the limited photo-toxicity of EGFP.
Recently, a red-emitting FP named ‘‘KillerRed” was designed by di-
rected evolution from the non-ﬂuorescent chromoprotein anm2CP
[9] to exhibit a strong CALI effect [10,11]. Generation of 1O2 by irra-
diation of the protein with 550 nm light was reported, as well as
the release of ðO2 Þ upon illumination of ‘‘pre-bleached” KillerRed
[10].
In this paper, we present the X-ray structures of KillerRed in its
native and pre-bleached states. A large water channel linking the
exocyclic bridge of the chromophore to the solvent is revealed, to-
gether with other structural determinants which account for the
strong phototoxic effect of this FP.
2. Materials and methods
The KillerRed coding sequence was PCR-ampliﬁed from the
commercially available pKillerRed-B vector (Evrogen) and cloned
into the pET 15-b vector (Novagen). The N-terminal polyhistidine
tagged protein was expressed in Escherichia coli Rosetta (DE3)
strain (Novagen) and puriﬁed using a pre-packed metal chelate
afﬁnity column (GE healthcare) equilibrated in 50 mM Tris–HCl
pH 8, 300 mM NaCl, 2 mM b-mercaptoethanol, 20 mM imidazole.lsevier B.V. All rights reserved.
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merase error, and was further puriﬁed. Crystals of wild-type Killer-
Red were grown using the vapour diffusion method with 1.8 M
ammonium sulfate, 0.1 M Tris pH 8.5 and 0.05 M ascorbic acid.
Bleached crystals were obtained at ambient temperature by white
light illumination for 1 h. Diffraction data were collected at the
ESRF and structures were solved by molecular replacement (Table
S1). Coordinates of the native and bleached states have been
deposited in the PDB (entry codes 2WIQ and 2WIS, respectively).
Section 2 is detailed as Supplementary Information (SI).Fig. 1. X-ray crystallographic structure of a KillerRed monomer. Monomer A is
shown with the backbone represented in grey, and the chromophore in red. The
cavity forming the channel is shown as orange isomesh at 1 Å above the van der
Walls radius, and water molecules in the channel are depicted as blue spheres.3. Results and discussion
The 2.0 Å X-ray structure of KillerRed in its native dimeric state
displays the 11-stranded b-barrel characteristic of GFP-like pro-
teins, and houses a QYG-based chromophore at approximately
mid-height of the barrel (Fig. S1). In red FPs, the ﬁrst chromophore
residue, when a glutamine, is generally characterized by formation
of an N-acylimine partially double bond N@Ca with sp2 hybridiza-
tion of the Ca atom [12]. At the resolution of our data, the presence
of such an acylimine double bond could not be unambiguously
established. The spectroscopic characterization of KillerRed in
solution (Fig. S2), however, strongly suggests the presence of a
green-emitting species in addition to the red-emitting one. Slow
or incomplete maturation to the red-emitting state is not uncom-
mon in red FPs [13], and is probably an intrinsic property of Killer-
Red (see [10]). The hypothesis that a fraction of the molecules in
KillerRed samples does not complete maturation to the red state
is reinforced by the fact that the V44A single-mutant protein, while
sharing absorption bands at 395 nm and 517 nm with the wt pro-
tein, does not display the band at 584 nm and exclusively emits
green ﬂuorescence (Fig. S2). Interestingly, the green fraction of
wt KillerRed (and the V44A mutant) show a stronger resistance
to bleaching than the red fraction (Fig. S2).
Inspection of the KillerRed structure immediately reveals a
large cavity beneath the imidazolinone moiety of the chromophore
(Fig. 1). The cavity is funnel-shaped and extends all the way to the
solvent, at the bottom of the barrel. The exit of the cavity, closed by
P192, is equidistant from the N- and C-termini of the protein
(20 Å). Remarkably, eight water molecules interconnected by
hydrogen bonds line up along the channel. These waters are H-
bonded to the protein except in the middle of the channel, formed
by a patch of hydrophobic residues (F81, M149, V157, M181, not
shown). Two water molecules are H-bonded to E218 (E222 in
GFP), an essential residue situated close to the imidazolinone moi-
ety of the chromophore in practically all FPs. The channel repre-
sents an obvious pathway for entry or storage of oxygen, and for
exit of ROS formed upon reaction of oxygen with the excited chro-
mophore. At the bottom of the channel, P192 may act as a gate,
opening dynamically upon conformational ﬂuctuations of the long
loop connecting strands b9 and b10.
Solvent access to the chromophore is not a unique property of
KillerRed. Although it is commonly thought that the chromophore
in FPs is shielded from bulk solvent, connections to the hydroxyb-
enzylidene group is a relatively common feature in FPs that are not
particularly cytotoxic [14–16]. However, the situation differs in
KillerRed, as solvent accessibility occurs at the level of the chromo-
phore exocyclic double bond and/or imidazolinone moieties, puta-
tively the most reactive groups of the chromophore in the excited
state [17]. As these moieties are deeply buried into the protein ma-
trix, a channel connecting them to the bulk solvent must be of large
volume. Indeed, a survey of cavities surrounding the chromophore
in all FPs of known 3D structure reveals that KillerRed exhibits the
largest cavity encountered so far (see discussion in SI and Fig. S3).
Overall, we propose that the strong toxicity of KillerRed is linked tothe solvent accessibility of the chromophore exocyclic double
bond/imidazolinone moieties.
Amongst the 20 mutations used to evolve the non-cytotoxic
anm2CP chromoprotein into KillerRed, few participate to the for-
mation of the channel (Fig. S1). P154 and E190, at the bottom of
the barrel (replacing S and K in anm2CP, respectively), might help
in forming the channel entry or in expelling negatively charged
ROS such as ðO2 Þ. I199 (V in anm2CP), in van der Waals interaction
with the chromophore, achieves a hydrophobic seal between the
cavity and the chromophore, probably preventing ROS to leak out
of the channel towards the hydroxybenzylidene moiety. However,
the channel is overall likely to be similar in the parent chromopro-
tein and we argue that the ability of KillerRed to generate a CALI
effect mostly derives from mutations that transformed anm2CP
into a FP able to maintain long-lived excited states promoting reac-
tion with oxygen.
The mutations T145N and C161A have been reported to be crit-
ical for the cytotoxicity and the ﬂuorescence properties of KillerRed
[10]. We propose that these two mutations play essential roles in
converting a non-ﬂuorescent trans conformation of the chromo-
phore in anm2CP into a ﬂuorescent cis conformation in KillerRed
(Fig. 2). Indeed, residue 161 would be located close to the chromo-
phore phenolic oxygen in a putative trans conformation. A cysteine
side chain at this position could stabilize the chromophore in such
conformation. By contrast, an alanine side chain is unable to H-
bond the chromophore hydroxybenzylidene moiety, destabilizing
the trans conﬁguration. In addition, an asparagine at position 145
promotes a cis, anionic conﬁguration of the chromophore, by
allowing a tight H-bonding interaction between the phenolate oxy-
gen and the non-titrable NH moiety of N145. A threonine at this
position, with its shorter side chain, would probably be located
too far away to perform this task. The stabilization of the cis chro-
Fig. 2. Structural basis for KillerRed phototoxicity. The water molecules network
linking the chromophore (in red) to the solvent are shown as dark blue spheres.
Hydrogen bonds are displayed as dashed lines. Residues mutated from anm2CP
which participate to the channel formation (yellow) or stabilizing the chromophore
in a cis ﬂuorescent state (green) are shown. Glu218 is represented (orange), as well
as two water molecules (light-blue) stabilizing the chromophore. The 2Fo–Fc map
at 1r around the chromophore is shown in grey.
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ing with the phenolate oxygen group through a water molecule.
Altogether, these mutations explain the ﬂuorescence properties
of KillerRed. The relatively low quantum yield (QY = 0.25 [10]),
however, is probably accounted for by the non-planar geometry
of the chromophore (Table S1), resulting from a protein matrix that
was not originally evolved for ﬂuorescence. Quenching by water
molecules entering the KillerRed channel may also contribute to
diminish the quantum yield.
Basedon these results, amechanismforROSproductionbyKiller-
Red can be hypothesized. Assuming that oxygen molecules can dif-
fuse into the protein through the channel, one possibility could be
a reaction of O2 with the chromophore in its triplet state, leading
to singlet oxygen. However, recent results suggest that the major
ROS released by KillerRed is the superoxide radical [18]. Generation
of ðO2 Þ can be explained by an electron transfer reaction in the ex-
cited state, resulting in donation of an electron by the chromophore
toO2 and, leaving the chromophore in a radical state [17,19,20]. Such
hypothesis is reinforced by the recent ﬁnding that FPs are light-in-
duced electrondonors [21]. ROS generated byKillerRed can thendif-
fuse out of the protein through the channel, exiting at the bottom of
the barrel, close to the N- or C-terminus, to which a protein of inter-
est can be fused. A short-distance CALI effect may thus occur.
In their original paper [10], Bulina et al. reported that KillerRed
is particularly sensitive to photobleaching and, surprisingly, that
KillerRed samples ‘‘pre-bleached” with white light are able to re-
lease an even larger amount of ROS upon illumination at
550 nm than the intact protein [10]. To attempt clarifying such
mechanism, the structure of bleached KillerRed was solved at
2.35 Å resolution (Table S1). The data suggest that, indeed, photo-damage of the chromophore occurs. The extent of damage, how-
ever, strongly differs in monomers A and B (Fig. 3). In monomer
B, a small distortion of the chromophore two-ring system is ob-
served. In monomer A, the damage is much more pronounced
and suggests at least partial breakage of the conjugated p-system
at the methylene bridge. Despite the limited resolution of the data,
a composite annealing omit map (Fig. 3) reveals a clear bifurcated
density in this monomer, suggesting that the Ca atom of the meth-
ylene bridge may adopt two different tetravalent geometries. A
new bent conformation of the chromophore is thus observed, with
the hydroxybenzylidene ring pointing into the water channel, sta-
bilized by H-bonding with P69. In this conformation, the H-bond
network involving some of the water molecules in the channel,
normally stabilizing the chromophore in the ﬂuorescent state,
collapses.
The different structural responses of monomers A and B to
white light illumination can be related to the spectroscopic signa-
ture of KillerRed discussed above. We propose that a large fraction
of the chromophores in monomer B remain in a green-emitting
state, whereas most chromophores in monomer A complete matu-
ration to the red state. In such case, upon excitation at 514 nm,
ﬂuorescence energy transfer (FRET) occurs from B to A promoting
the overall red ﬂuorescence of intact KillerRed. Our hypothesis is
supported by the difference density map between monomers A
and B (Fig. S4), which reveals a possible cis–trans isomerisation of
the I64–E65 peptide bond, known to be coupled to acylimine dou-
ble-bond formation. It is likely that the ability of KillerRed to ma-
ture to the red state depends in a subtle manner on the precise
chromophore environment, and occurs to a different extent in
monomers A and B due to the asymmetric dimer interface. Such
sensitivity is supported by fact that V44, close to the chromophore,
evidently plays a role in acylimine double-bond formation, as the
V44A mutant only emits green light.
Our data may account for the efﬁcient toxicity of ‘‘pre-
bleached” KillerRed. In line with the spectroscopic signature of
pre-bleached KillerRed in Ref. [10], one can envisage a mechanism
involving only the more photo-resistant green fraction. In particu-
lar, the excited state lifetime of the green chromophores is ex-
pected to increase as red chromophores photobleach, due to a
decrease in intramolecular FRET, resulting in enhanced rate of
ROS release. This scenario is reinforced by preliminary investiga-
tions of the V44A variant, which exhibit a signiﬁcant phototoxic
activity. These results will be published elsewhere.
Finally, an efﬁcient photo-sensitizer needs to protect itself
against ROS-mediated damage. A striking property of KillerRed is
the large fraction of sulfur-containing residues (6 cysteines and
10 methionines) scattered throughout the b-barrel (Fig. S5). It is
possible that these residues may assume a protective role against
photo-induced oxidation. In particular, it is known that methionine
residues are easily oxidized by ROS to form methionine sulfoxide,
providing endogenous protection against oxidative stress [22].
The case of the H-bonded couple M204/C215 is worth mentioning
(Fig. S6). These two residues are located at the protein surface, and
C215 is connected to the essential E218, known to be susceptible to
decarboxylation via chromophore radical chemistry [23,24]. Inter-
estingly, in our structures of bleached KillerRed, E218 is never ob-
served to decarboxylate. It is possible that photo-protection arises
from electron transfer along the protein backbone towards M204/
C215, displacing the reactive radical state to this position. We also
note that, as ROS may derive from reaction of a thiyl radical with
oxygen, a ‘‘damage exit pathway” from the chromophore to the
solvent via M204/C215 may constitute a route for ROS release,
alternative to that involving the channel.
In conclusion, the structures of KillerRed in its native and
bleached states reveal a set of features that strongly differentiate
this protein from other known members of the GFP family and
Fig. 3. Structural distortions of the KillerRed chromophore upon bleaching. Composite annealing omit maps are displayed in grey at 1r. In monomer A, this map indicates two
distorted chromophore conformations (pale orange). Chromophore B is represented in pale green.
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a water channel opens solvent access to the methylene/imidazoli-
none moieties of the chromophore, likely to allow the generation
and release of ROS out of the protein. A large amount of sulfur-con-
taining residues is also assumed to protect KillerRed against self-
sensitization. Interestingly, these two features were already pres-
ent in amn2CP, the ‘‘seed” protein used to engineer KillerRed.
The key mutations to evolve KillerRed were those that rendered
amn2CP ﬂuorescent, i.e. able to maintain a relatively long-lived ex-
cited state. Importantly, the presence of a signiﬁcant fraction of
photo-resistant green-emitting chromophores in KillerRed allows
proposing a mechanism for the efﬁcient toxicity of ‘‘pre-bleached”
KillerRed. Further studies, such as a combination of crystallo-
graphic and spectroscopic investigations, mutations of residues
forming the channel, monomerization of the protein, and molecu-
lar dynamics calculations, will help unravel the precise mecha-
nisms of ROS generation by KillerRed and possibly facilitate
engineering of an enhanced photosensitizer.
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